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ABSTRACT
The eclogite facies Zermatt-Saas ophiolite in the Western Alps includes a composite chaotic unit exposed in the Lake Miserin area, in the 
southern Aosta Valley region. The chaotic unit is characterized by a block-in-matrix texture consisting of ultramafic clasts and blocks embed-
ded within a carbonate matrix. This unit overlies massive serpentinite and ophicarbonate rocks and is unconformably overlain by layered 
calcschist. Despite the effects of subduction and collision-related deformation and metamorphism, the internal stratigraphy and architecture 
of the chaotic unit are recognizable and are attributed to different types of mass transport processes in the Jurassic Ligurian-Piedmont Ocean. 
This finding represents an exceptional record of the preorogenic history of the Alpine ophiolites, marked by different pulses of extensional 
tectonics responsible for the rough seafloor topography characterized by structural highs exposed to submarine erosion. The Jurassic 
tectonostratigraphic setting envisioned is comparable to that observed in present-day magma-poor slow- and ultraslow-spreading ridges, 
characterized by mantle exposure along fault scarps that trigger mass transport deposits and turbiditic sedimentation. Our preorogenic 
reconstruction is significant in an eclogitized collisional orogenic belt in which chaotic rock units may be confused with the exclusive product 
of subduction-related tectonics, thus obscuring the record of an important preorogenic history.
LITHOSPHERE  doi:10.1130/L605.1
INTRODUCTION
In most orogenic belts, the temporal and spatial distributions of dif-
ferent types of mass transport deposits (MTDs) commonly document 
different tectonic stages within the Wilson cycle evolution of oceanic 
basins, from the early stages of rift drift to later subduction, collision, and 
orogenic exhumation (Festa et al., 2016, and references therein). MTDs 
therefore represent fundamental markers of most of the tectonic events, 
and the documentation and understanding of their overall architecture, 
internal fabric, composition, and mechanisms of their downslope deforma-
tion and emplacement are relevant for better understanding the character-
istics of depositional basins and the evolution of orogenic belts. However, 
in most orogenic belts and exhumed subduction-accretion complexes, a 
strong similitude of fabric exists between MTDs with a block-in-matrix 
fabric (i.e., olistostrome sensu Flores, 1955; sedimentary mélanges, e.g., 
see Raymond, 1984) and tectonic mélanges (e.g., Hsü, 1974; Raymond, 
1984; Cowan, 1985; Bettelli and Panini, 1989; Pini, 1999; Festa et al., 
2010, 2013; Dilek et al., 2012; Alonso et al., 2015; Balestro et al., 2015b; 
Platt, 2015; Wakabayashi, 2015). This similitude is the basis of a long-
lasting debate on the processes of formation of chaotic rock units (i.e., 
tectonic versus gravitational), and is strongly amplified in metamorphic 
belts, where polyphase deformation and metamorphic recrystallization to 
eclogitic conditions commonly rework and obscure the primary internal 
structure of chaotic rock units.
In the metaophiolite units of the Western Alps, different methodologi-
cal approaches (e.g., structural, petrographic, stratigraphic) adopted in the 
interpretation of the nature of chaotic rock units and mélanges led to the 
definition of different tectonic models, which are still debated. For example, 
mélanges consisting of mafic blocks tectonically incorporated in a serpen-
tinite matrix (i.e., the serpentinite mélange) were described by Guillot et al. 
(2004) and Federico et al. (2007) as remnants of an exhumed subduction 
channel (see also Blake and Jayko, 1990; Gerya et al., 2002; Guillot et al., 
2009). However, tectonostratigraphic approaches interpreted the western 
Alpine ophiolitic mélanges as the product of inherited intraoceanic defor-
mation (Balestro et al., 2015a; Lagabrielle et al., 2015), despite the rework-
ing by Alpine subduction- and exhumation-related deformation. This has 
allowed the documentation of details on the preorogenic evolution of the 
high-pressure (HP) western Alpine metaophiolites, describing the exhu-
mation of mantle rocks at the seafloor, the formation of chaotic rock units 
linked with oceanic detachment faults, and the emplacement of basaltic 
and sedimentary succession with strong lateral and vertical variations (e.g., 
Tricart and Lemoine, 1991; Festa et al., 2015a; Lagabrielle et al., 2015, and 
references therein). These different models may, however, not represent 
contrasting interpretations, but only different stages of a complex evolu-
tion from intraoceanic deformation to subduction and subsequent collision.
The application of the proper criteria to the study of mélange rock units 
together with detailed structural and stratigraphic analyses may provide 
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new and useful information to better constrain the nature of these chaotic 
units, and consequently the evolution of metamorphic orogenic belts.
In this paper we document the internal structure of different block-
in-matrix rock assemblages occurring in a chaotic rock unit in the Lake 
Miserin ophiolite (LMO), which is part of the eclogite facies Zermatt-
Saas ophiolite (ZSO) (Western Alps; Fig. 1). The application of criteria 
adopted to identify mélange rock units (e.g., by Raymond, 1984; Cowan, 
1985; Orange, 1990; Bettelli and Panini, 1989; Pini, 1999; Festa et al., 
2010, 2012; Wakabayashi, 2015) allowed us to determine that the cha-
otic rock unit resulted from synextensional intraoceanic mass transport 
processes, the evidence of which is exceptionally well preserved in the 
deeply subducted ZSO. Stratigraphic and structural analyses further allow 
us to highlight that the chaotic rock unit is sealed by postextensional 
metasediments, and that, despite the polyphase Alpine deformation and 
metamorphism, a paleounconformity is, uncommonly, still recognizable. 
The overall architecture demonstrates that mass transport processes acted 
along the flanks of structural highs made of mantle rocks in the Juras-
sic Ligurian-Piedmont Ocean (JLPO), that are comparable with those 
observed in present-day magma-poor slow- and ultraslow-spreading ridges 
(Dick et al., 2003; Escartin et al., 2008).
REGIONAL GEOLOGY
The ZSO (Bearth, 1967; see Martin et al., 1994, for a review) was 
emplaced during the closure of a branch of the JLPO, which was inter-
posed between the European and African plates, and was tectonically 
stacked within the western Alpine belt (i.e., the Piedmont Zone; e.g., see 
Dal Piaz et al., 2003). This was the result of deformation and metamor-
phism that occurred during (1) Late Cretaceous–middle Eocene south-
east-dipping subduction, (2) late Eocene–early Oligocene collision and 
northwest-verging accretion, and (3) Oligocene–Neogene exhumation 
(e.g., Dal Piaz et al., 2001). The subduction history in the ZSO is recorded 
by high-pressure mineral assemblages (e.g., Ernst and Dal Piaz, 1978; 
Martin and Tartarotti, 1989; Li et al., 2004; Bucher et al., 2005; Angiboust 
et al., 2009; Angiboust and Agard, 2010) to ultrahigh-pressure mineral 
assemblages (e.g., Reinecke, 1991, 1998; Frezzotti et al., 2012, and ref-
erences therein). The collision and exhumation paths were characterized 
by blueschist facies decompressional conditions (e.g., Barnicoat and Fry, 
1986) and subsequent Barrovian greenschist facies overprint (e.g., Ben-
ciolini et al., 1988).
Based on scattered records of hydrothermal oceanic alteration (Cart-
wright and Barnicoat, 1999; Widmer et al., 2000; Martin et al., 2008) and 
geochemical mid-oceanic ridge basalt affinity (Bearth and Stern, 1979; Dal 
Piaz et al., 1981; Pfeifer et al., 1989), the ZSO was interpreted as consistent 
with a mid-ocean ridge setting of formation. However, the local occurrence 
and mixing and/or juxtaposition of oceanic- and continent-derived mate-
rial and units allowed the different interpretation of the ZSO as either the 
remnant of an hyperextended continental margin in an ocean-continent 
transition zone (e.g., see Beltrando et al., 2014, and references therein) or 
the result of the Alpine tectonic juxtaposition between oceanic and con-
tinental margin units (e.g., Fassmer et al., 2016, and references therein).
The LMO (Fig. 1), including the chaotic rock units, occurs in the 
southern sector of the ZSO (the Mount Avic ultramafic massif; e.g., Dal 
Piaz et al., 2010, and references therein), which consists of serpentinized 
metaperidotite with relict oceanic textures (Fontana et al., 2008, 2015; 
Panseri et al., 2008), that was intruded by Fe-Ti and Mg metagabbros. To 
the north of the LMO (north of Mount Avic), the ZSO is characterized by 
the occurrence of mafic and/or ultramafic metabreccia and metaophicalcite 
(Driesner, 1993; Tartarotti et al., 1998) documenting mantle seafloor exhu-
mation, and Mn ore deposits and Fe-Cu sulfide mineralization attributed 
to oceanic hydrothermal vents (Martin et al., 2008; Tumiati et al., 2010).
LMO
The LMO consists of serpentinite stratigraphically overlain, through 
a metaophicalcite horizon, by a composite chaotic unit (CCU) made of 
serpentinite blocks and disrupted metasandstone and metabreccia horizons 
with ultramafic composition, embedded within a carbonate-rich matrix. A 
calcschist unit (CSU) directly overlies either the CCU or the serpentinite 
and metaophicalcite (Figs. 2A–2C).
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Figure 1. (A) Geographic location of the study area. (B) Tectonic map of the northwestern Alps (modified after Balestro et al., 2015a) and 
location of the study area (LMO–Lake Miserin ophiolite).
LITHOSPHERE | Volume 8 | Number 1 | www.gsapubs.org 3
Record of mass transport processes in the Western Alps ophiolite | SHORT RESEARCH
Calcschist Unit
Carbonate-rich calcschist
alternating with quartz-rich schist.
Early Cretaceous
BrFm3
Disrupted beds of ultramafic
metabreccia and metasandstone in 
carbonate-rich matrix (i.e., calcschist 
with marble levels).
Late Jurassic
SedMé
Irregular shaped blocks of
serpentinite and metaophicalcite
embedded in a marble matrix.
Late Jurassic
BrFm2
Disrupted beds of ultramafic
metabreccia and metasandstone in 
carbonate-rich matrix  (i.e., marble 
with calcschist levels).
Late Jurassic
BrFm1
Clast- to matrix-supported 
ultramafic metabreccia.
Late Jurassic
Serpentinite and metaophicalcite
Massive serpentinite passing 
upward to veined serpentinite and 
metaophicalcite.
1
2 3 4
5 6
7
NW SE SS
W
NNE
Serpentinite
Calcschist                                Unit
BrFm3
BrFm2
SedMé
BrFm2
BrFm2
Metaophicalcite
C
C
U
Unconformity
1 32 54 76
Fault
C
om
po
si
te
 C
ha
ot
ic
 U
ni
t
(C
C
U
)
10 m
20
 m
F
G
S2
D3
50 cm
CCU
CSU
Lake Miserin
E
C
S1
S2
S2 5 cm
D2
D
E
W E
WSW ENE
200 m
2500
2600
X X’
ESE
CSU
CSU
S
D2 foldsD3 axialplane
S
uncon
formit
yWNW
Sed
Mé
BrFm2
BrFm1
60
45
20
30
20
30
20
21
21
2
5
7
11
7
15
9
21
X
X’
Miserin
Lake
Ref. Miserin
26
00
2500
27
00
2600
S
S
S
S
SS
Broken Formation 3
Serpentinite
Calcschist Unit
Synextension succession (Late Jurassic)
Postextension succession (Early Cretaceous)
Paleo-unconformity
CSU
BrFm3
Sedimentary mélange
(with mappable blocks)
Broken Formation 2
Broken Formation 1
S
Main foliation
D3 fold axis
30
Late-Alpine 
fault 
Stratigraphic 
section
Cross-section
D2 fold axis
X X’
Lithological 
contact
3
9
11
100 m
A
7°31’17’’ 7°31’29’’
45°36’10’’
45°36’24’’
45°35’56’’
LAKE MISERIN OPHIOLITE (LMO)
BrFm2
BrFm1
Composite
Chaotic
Unit (CCU)
SedMé
BrFm3
BrFm3
SedMé
S
ed
M
é
BrF
m2
BrFm
2
BrFm2
B
rF
m
2
BrFm1
CSU
CSU
CSU
BrFm1
BrFm3
S
B
1
3
2
4
5
67
Figure 2. (A) Geological map of the Lake Miserin ophiolite (LMO). (B) Cross section of the LMO. (C) The panoramic view of the unconformable 
contact (dotted blue line) of the calcschist unit (CSU) above the composite chaotic unit (CCU). (D) D2 isoclinal folds deforming S1 foliation 
(here defined by the serpentinite metasandstone-calcschist contact). (E) D3 gentle folds folding the S2 foliation. (F) Stratigraphic columns. 
(G) The three-dimensional correlation of the stratigraphic columns in F, showing the relationships between the ophiolite basement and the 
different rock types within the CCU.
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The serpentinite derives from peridotite and consists of antigorite with 
mesh texture, Ti clinohumite, oxides (Cr-Ni–rich magnetite, ilmenite, and 
chromite with Cr# ranging between 60 and 80), and diopside with relict augite 
composition (enstatite47–49-ferrosilite1–2-wollastonite48–50). Upward the serpen-
tinite is covered by a metaophicalcite horizon as thick as 1 m characterized by 
sets of veins to 1–2 cm thick filled with carbonate, antigorite, or talc, which 
bound decimeter- to meter-sized clasts of massive serpentinite (Fig. 3A).
The LMO was deformed during at least three superposed Alpine-related 
deformation phases (D1, D2, D3). D1 is coeval to the subduction-related 
eclogite facies metamorphism, and developed the S1 foliation, which is 
parallel to the lithological contacts and overprinted the primary surfaces 
(i.e., the S0 sedimentary bedding). D2 is coeval to the collision-related 
blueschist to greenschist facies reequilibration, and is characterized by 
north-south–trending isoclinal folds (Fig. 2D) that pervasively deform the 
metaophiolite succession. D2 folds developed a west-northwest–dipping 
axial plane foliation (the S2) and are characterized by boudinage along 
long fold limbs. D3 is coeval to the exhumation stage and is character-
ized by northwest-southeast–trending gentle folds (Fig. 2E) that deform 
the previous D1 + D2 structural architecture.
CCU
The CCU corresponds to a wedge-shaped unit in cross section, which 
shows a thickness of ~40 m and tapers out from east-northeast and north to 
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Figure 3. View of the Lake Miserin ophiolite (LMO) and composite chaotic unit (CCU). (A) Close-up view of the metaophicalcite horizon. Hammer 
used for scale is 30 cm long. (B) BrFm1 (broken formation) consisting of alternating clast- to matrix-supported ultramafic metabreccia horizons, 
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west and south (Fig. 2), showing lateral and vertical changes in the facies 
of its block-in-matrix fabric. It consists of three types of broken forma-
tion (sensu Hsü, 1968), BrFm1, BrFm2, and BrFm3, and a sedimentary 
mélange/olistostrome (sensu Raymond, 1984; Festa et al., 2012, 2015b), 
called here SedMé. The contact between the different types of chaotic 
rock units is transitional and does not show any traces of Alpine-related 
mylonitic deformation, even if folded and deformed by the Alpine tec-
tonics. In the following, we refer to mélange as a body of mixed rocks, 
containing both exotic (i.e., extraformational origin) and native (i.e., intra-
formational origin) components in a pervasively deformed matrix (see 
Raymond, 1984; Festa et al., 2012). We refer to broken formations (sensu 
Hsü, 1968) as stratally disrupted units that preserve the lithological and 
chronological identity, and contain only native components.
BrFm1
The BrFm1 consists of different superposed bodies of ultramafic 
metabreccia ranging in thickness from 1 to 3 m (Figs. 2F, 2G), and is 
characterized by internal grading. Metabreccia varies from clast sup-
ported to matrix supported, with irregular to subrounded clasts ranging 
in size from decimeters to centimeters (Fig. 3B). The matrix consists 
of a coarse-grained metasandstone of the same composition as clasts. 
Rare elongated blocks as much as 50 cm long are randomly distributed 
within the metabreccia. The BrFm1 shows a lenticular shape at a scale 
of hundreds of meters with a maximum thickness of ~15 m (Figs. 2F, 
2G). The contact with serpentinite is sharp, locally corresponding to a 
decimeter-thick layer of coarse- to medium-grained metasandstone with 
ultramafic composition. In the western sector of the area, the BrFm1 is 
directly overlain with a sharp contact by the CSU (see following) while 
southward, it gradually passes to the BrFm3 via the gradual increases of 
the carbonate component in the metasandstone.
BrFm2
The BrFm2 consists of decimeters-thick disrupted horizons, clast sup-
ported and matrix supported, metabreccia, and coarse-grained metasand-
stone embedded in a carbonate-rich matrix (Fig. 3C), which gradually 
passes upward from calcschist to whitish marble. It crops out in the 
northern sectors of the study area (Fig. 2A), showing a wedge-like shape 
varying from zero to ~15 m in thickness from south-southwest to north-
northeast (Figs. 2F, 2G), and directly overlies the metaophicalcite horizon 
through a sharp contact marked by a centimeters-thick calcschist horizon. 
Disrupted horizons of detrital ultramafic metabreccia are prevalent in the 
basal part, and show an internal grading marked by angular to irregularly 
shaped clasts, to centimeters in size, passing to metasandstone. Those 
horizons are asymmetrically to symmetrically boudinaged at the scale of 
meters and define a planar alignment that is consistent with extensional 
shearing associated with D2 deformation (Fig. 3C). Elongated blocks show 
a medium to high aspect ratio (i.e., long axis/short axis), with the long 
axis aligned in a north-south direction, and an irregular flat to ellipsoidal 
shape corresponding to different degrees of extensional shearing of the 
primary bedding plane, coherent with the D2 deformation. The marble 
matrix prevails in the upper part, showing a transitional contact with the 
overlying SedMé unit.
SedMé
The SedMé shows a wedge-like shaped geometry ranging in thick-
ness from few meters to 15–20 m, oriented from southwest to north-
east (Figs. 2F, 2G). In the northwestern sector, it directly overlies the 
massive serpentinite and the metaophicalcite. It is characterized by a 
block-in-matrix fabric (Figs. 3D, 3E) with mainly rounded to irregu-
lar and equiangular exotic blocks of massive to veined serpentinite and 
metaophicalcite, decimeters to 1 m in size, embedded within a whitish 
marble matrix. The blocks show a low aspect ratio (i.e., main aspect ratio 
of 1.0–1.6). Carbonate veins, decimeters long and as much as 1–2 cm 
thick, are bounded within the blocks and do not cross the matrix (Fig. 
3E). Blocks are randomly distributed within the matrix and only rare 
elongate blocks are aligned with the S2 foliation. The matrix commonly 
includes centimeters-thick horizons of metabreccia consisting of angular 
or subangular clasts of serpentinite (Fig. 3F). These horizons are foliated 
(S1, S2) and folded (D2), constraining the brecciation process as having 
occurred before the D1 deformation stage (i.e., before the subduction-
related deformation stage; Fig. 3G). In the upper part of the unit, blocks 
decrease in size (to decimeters) and the matrix is gradually interfingered 
with centimeters-thick levels of calcschist that mark the transition to the 
overlying BrFm3.
BrFm3
The BrFm3 represents the uppermost part of the CCU. It has character-
istics similar to those of the BrFm2, and consists of a calcschist and marble 
matrix, embedded disrupted horizons and bed fragments, decimeters to 
meters long and to decimeters thick, of medium-grained metasandstone 
with ultramafic composition (Fig. 3H). The elongated to sigmoidal shapes 
of blocks are consistent with D2-related boudinage. The mean aspect ratio 
of blocks is medium to high (as for the BrFm2). This unit, which has 
an average thickness of ~10 m, decreases in thickness toward the west-
northwest, where it directly overlies the BrFm1 and/or the serpentinite, 
and it is followed upward by the CSU (Figs. 2F, 2G).
CSU
The different units of the CCU and underlying massive serpentinite 
are unconformably overlain by layered carbonate-rich calcschist (CSU, 
Fig. 2) that is devoid of any ophiolite-derived detrital material and alter-
nates with levels of quartz-rich schist. The basal contact is sharp and 
corresponds to a depositional surface as inferred from the lack of any 
associated mylonitic structure (Fig. 3I). The unconformable contact at 
the base of the CSU is folded together with the units below due to the 
superposition of D2- and D3-related folding (Fig. 2B).
LMO AS A PRODUCT OF JURASSIC MASS TRANSPORT 
PROCESSES
Although the Alpine subduction to collisional processes and meta-
morphism strongly deformed the primary structural tectono-sedimentary 
setting (e.g., Gerya et al., 2002), our tectonostratigraphic reconstruction 
documents that in this sector of the ZSO, the inherited intraoceanic archi-
tecture is well preserved in the LMO. Direct application of the criteria 
used to identify mélange rock units allowed us to interpret the tectonic 
significance of the CCU. We infer that the BrFm1 and SedMé fabrics 
formed by a close association of intraoceanic tectonics and mass transport 
processes acting at the time of Jurassic extensional tectonics, whereas the 
chaotic block-in-matrix arrangement of BrFm2 and BrFm3 is related to 
the tectonic dismemberment of their primary stratigraphic organization 
by means of the Alpine D1 and D2 deformations.
The BrFm1, which consists of blocks and matrix with similar composi-
tions, corresponds to a serpentinite matrix broken formation, composed of 
only native components. The latter were disrupted in situ by extensional 
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tectonics and related mechanical fracturing of the mantle rocks that were 
exhumed to the seafloor and subsequently reworked by mass transport 
processes with a limited run-out distance of downslope transport.
The block-in-matrix arrangement of the SedMé represents the emplace-
ment of exotic components with respect to the carbonate matrix. The ran-
dom distribution of rounded to irregularly shaped blocks (i.e., low aspect 
ratio) suggests an original emplacement through gravitational processes 
(see following) rather than tectonic slicing. The occurrence of carbonatic 
veins, which are within the same blocks, also constrains their exotic nature, 
sourced from the primary ophicalcite horizon. The characteristics of this 
sedimentary mélange correspond to the passive margin olistostrome type 
of Festa et al. (2016) that formed in intraoceanic settings.
The BrFm2 and BrFm3 consist of calcschist with disrupted horizons 
of metasandstone and metabreccia with an ultramafic composition that 
represent native components (i.e., turbiditic horizons) with respect to the 
carbonate-rich matrix (e.g., Balestro et al., 2015b).
CCU: A Record of Tectono-Sedimentary Processes
The wedge-shaped architecture of the CCU, its internal fabric, com-
position, and subdivision, and the nature of the contacts with the underly-
ing serpentinite and the overlying unconformable CSU, suggest different 
mechanisms of tectonically induced mass transport sedimentation spatially 
and temporally associated with extensional deformation and erosion along 
an intraoceanic bathymetric high (Figs. 4A–4D). The vertical and lateral 
organization of the BrFm2 represents the deposition of channelized tur-
bidites. The occurrence of brecciated horizons alternating with calcschist 
in the lower part of this succession suggests proximal deposition close to 
a submarine escarpment with high depositional energy, recording a first 
extensional stage of mantle denudation (Fig. 4A). The gradual upward 
increasing of the carbonate component within the matrix and decreasing 
of grain size within the ultramafic detrital horizons are consistent with the 
progressive decrease of depositional energy, suggesting in turn a decrease 
of tectonic activity and/or deepening of the relative sea level. However, the 
occurrence of turbidites with lithics of only ultramafic composition within 
the middle to upper part of the BrFm2 clearly shows that their source area 
and the depositional setting of this part of the ZSO were not influenced 
by material coming from the erosion of continental margin rocks.
The block-in-matrix arrangement of the SedMé, with serpentinite 
blocks embedded within a carbonate matrix, records a main and abrupt 
pulse of extensional tectonics (Fig. 4B). The random distribution of 
blocks within the matrix and the occurrence of carbonate veins confined 
within the blocks suggest their collapse from bathymetric and/or structural 
highs, exposing both serpentinized peridotite and ophicalcite. The upward 
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decrease of block size to the gradual transition to BrFm3 is consistent 
with the gradual decrease in magnitude of the tectonic activity.
BrFm3 records a new turbiditic input (Fig. 4C), comparable in both 
composition and interpretation to that described here for BrFm2. Its direct 
superposition onto the BrFm1 (see Fig. 3B) and locally onto the serpenti-
nite suggests that the BrFm1 was originally located on a topographic high 
mainly consisting of mantle rocks exposed to in situ mechanical fracturing 
and erosion, thus representing part of the source area for the ultramafic 
detrital components interfingered within the CCU (Figs. 4B, 4C).
The wedge shape of the CCU is consistent with the vertical change of 
facies of each single unit and with a paleoescarpment probably dipping 
east-northeast (present-day coordinates).
The unconformable deposition of the CSU (Fig. 4D), overlying both 
the CCU and the serpentinite, represents a postextensional succession that 
was deformed during Alpine tectonic stages, together with the underlying 
sequence. Ophiolitic detrital material is lacking and the occurrence of 
quartz-rich schist records an input of continent-derived sediments within 
the basin, which was thus filled by distal mixed siliciclastic-carbonatic 
turbidites reworking a passive margin source area. This depositional 
stage, which coincides with significant terrigenous input into the basin, 
is comparable to Early Cretaceous postextensional deposits preserved 
in the unmetamorphosed Ligurian units in the northern Apennines (e.g., 
Decandia and Elter, 1972).
LMO and the Jurassic Ligurian-Piedmont Seafloor
Preorogenic reconstruction of the LMO implies tectonic denudation 
of lithospheric mantle at the seafloor of the JLPO, as it has been docu-
mented in modern slow- and ultraslow-spreading ridges (e.g., Cannat, 
1993; Dick et al., 2003; Escartin et al., 2008) and inferred for some areas 
of the Alps and Apennines (e.g., Tricart and Lemoine, 1991; Lagabrielle, 
2009; Tartarotti et al., 2011; Sansone et al., 2012; Beltrando et al., 2014; 
Balestro et al., 2015a). Metaophicalcite records the early history of mantle 
exhumation by extensional tectonics and concurrent hydrothermal fluid 
circulation on the seafloor. Brecciation and MTDs recorded in the CCU 
are evidence of tectonically induced sedimentation, thus representing 
synextensional (synrift) deposits. Similar serpentinite breccias have been 
observed in the Atlantic Ocean, along the western median valley wall of 
the MARK (Mid Atlantic Ridge–Kane Fracture Zone) area. Submersible 
diving on Alvin (Karson et al., 1987) and Nautile (Mével et al., 1991) 
reveals that this region is characterized by active faulting and mass wast-
ing dominated by extensive debris-slide deposits (Karson and Lawrence, 
1997). Along steep fault scarps, foliated serpentinites are directly overlain 
by coarse, clast-supported breccia consisting of angular cobbles of foli-
ated serpentinite in a matrix of consolidated carbonate. Furthermore, in 
the median valley wall of the MARK area, mass transport processes have 
produced rock deposits with angular shapes (see Karson and Lawrence, 
1997), similar to those found in our CCU. In our model, the serpentinite 
breccia of BrFm1 could have been reactivated by normal faults, providing 
the source material delivered to clastic material and blocks of the SedMé. 
Similar, but much farther away, structural highs of mantle rocks repre-
sented the source material for the turbiditic intercalation within the BrFm2 
and BrFm3, suggesting that the turbiditic deposition within this part of the 
ZSO was not contaminated by material sourced from continental margins.
The recognition of the unconformable deposition of the postexten-
sional CSU, sealing the synextensional LMO architecture, is comparable 
with the Valanginian–early Aptian postrift siliciclastic rocks interfinger-
ing with carbonate-rich turbiditic deposits in the well-documented deep 
Galicia margin (e.g., Winterer et al., 1988).The similarity to the Early 
Cretaceous postextensional calcschist in other Alpine (Festa et al., 2015a) 
and northern Apennines (e.g., Decandia and Elter, 1972) ophiolites marks 
the critical timing of the final opening stages of the JLPO.
Our results have profound implications for the physiography and geo-
dynamics of the JLPO: the occurrence of preorogenic, synextensional 
deposits indicates that the seafloor of the JLPO should have been char-
acterized by regions of active faulting responsible for the formation of a 
rugged seafloor topography exposed to widespread gravitational processes 
(Fig. 4E). The composition of detrital material within the different units 
of the CCU, which is exclusively of ultramafic composition and lacks 
any continental-derived material, may suggest that in Late Jurassic time 
the LMO was located far from the continental margin, i.e., at the time of 
mantle exhumation and synextensional (i.e., synrift) deposition. There-
fore, this evidence may suggest that the LMO represents a depositional 
setting located in the oceanward part of an ocean-continent transition 
setting, protected by the deposition of continental derived material, or 
an embryonic oceanic basin far from the continental margins. Although 
it is not within the scope of this work, the latter interpretation seems to 
better agree with (1) the geochemical and isotopic data from this region 
(e.g., see Cartwright and Barnicoat, 1999; Widmer et al., 2000; Martin 
et al., 2008), (2) the recent interpretation of the contact between ZSOs 
and continental units (i.e., Etirol-Levaz slice) as a product of the Alpine 
tectonics (e.g., Fassmer et al., 2016), and (3) the lack of any kind of 
continental-derived material within the CCU.
CONCLUSIONS
Our findings document an exceptionally preserved record of MTDs 
and turbiditic sedimentation in the deeply subducted ZSO, which formed 
by intraoceanic tectono-sedimentary processes during the Late Jurassic 
synrift stages of the LPO basin. The understanding of the meaning of each 
type of chaotic rock unit within the LMO, as well as the recognition of a 
paleounconformity, allow us to detail the role played by different pulses 
of extensional tectonics associated with mantle exhumation and their 
control on sedimentation. This reconstruction as an eclogitized collisional 
orogenic belt is significant, because the occurrence of chaotic rock units 
may be commonly confused and interpreted as the exclusive product of 
subduction-related tectonics, obscuring the record of an important pre-
orogenic history. In particular, in orogenic belts such as the Western Alps, 
in which subduction tectonics represent an efficient mechanism of rock 
mixing (e.g., see Cloos, 1982; Federico et al., 2007; Festa et al., 2012; 
Platt, 2015; Raymond and Bero, 2015; Wakabayashi, 2015; Ukar and 
Cloos, 2016), the application of criteria derived from the study of mélange 
rock units represents a useful methodology not only to discriminate the 
process (i.e., gravitational versus tectonics) for the mixing of oceanic 
and continental blocks, but also to provide complementary data to better 
constrain paleogeographic reconstructions.
ACKNOWLEDGMENTS
This research has been supported by grants from the Italian Ministry of University and 
Research, Cofin-PRIN 2010/11, GEOPROB-GEOdynamic Processes of Oceanic Basins of the 
Italian Ministry of University and Research to Tartarotti and Festa, and Università di Torino 
Ricerca Locale 2014 and 2015 to Festa and Balestro. We thank the staff of the Lake Miserin 
hut for their helpful support. We thank S. Angiboust and two anonymous reviewers for 
their constructive and thorough reviews, from which we have benefited greatly in revis-
ing our manuscript. Insightful discussions on various aspects of the geology and tectonic 
evolution of the studied area with G.V. Dal Piaz, Y. Dilek, G. Gosso, I. Spalla, M. Scambel-
luri, and G. Bebout were most helpful for the formulation of our ideas and interpretations 
presented in the paper.
REFERENCES CITED
Alonso, J.L., Marcos, A., Villa, E., Suarez, A., Merino-Tomé, O.A., and Fernandez, L.P., 2015, 
Mélanges and other types of block-in-matrix formations in the Cantabrian Zone (Variscan 
orogen, northwest Spain): Origin and significance: International Geology Review, v. 57, 
p. 563–580, doi: 10 .1080 /00206814 .2014 .950608.
TARTAROTTI ET AL.
8 www.gsapubs.org | Volume 8 | Number 1 | LITHOSPHERE
Angiboust, S., and Agard, P., 2010, Initial water budget: The key to detaching large volumes 
of eclogitized oceanic crust along the subduction channel?: Lithos, v. 120, p. 453–474, 
doi: 10 .1016 /j .lithos .2010 .09 .007.
Angiboust, S., Agard, P., Jolivet, L., and Beyssac, O., 2009, The Zermatt-Saas ophiolite: The 
largest (60 km-wide) and deepest (c. 70–80 km) continuous slice of oceanic lithosphere 
detached from a subduction zone?: Terra Nova, v. 21, p. 171–180, doi: 10 .1111 /j .1365 -3121 
.2009 .00870 .x.
Balestro, G., Lombardo, B., Vaggelli, G., Borghi, A., Festa, A., and Gattiglio, M., 2014, Tec-
tonostratigraphy of the northern Monviso Meta-ophiolite Complex (Western Alps): Italian 
Journal of Geosciences, v. 133, p. 409–426, doi: 10 .3301 /IJG .2014 .13.
Balestro, G., Festa, A., Dilek, Y., and Tartarotti, P., 2015a, Pre-Alpine extensional tectonics of a 
peridotite-localized oceanic core complex in the Late Jurassic, high-pressure Monviso: 
Episodes, v. 38, p. 266–282, doi: 10 .18814 /epiiugs /2015 /v38i4 /82421.
Balestro, G., Festa, A., and Tartarotti, P., 2015b, Tectonic significance of different block-in-matrix 
structures in exhumed convergent plate margins: Examples from oceanic and continen-
tal HP rocks in inner western Alps (northwest Italy): International Geology Review, v. 57, 
p. 581–605, doi: 10 .1080 /00206814 .2014 .943307.
Barnicoat, A.C., and Fry, N., 1986, High-pressure metamorphism of the Zermatt-Saas ophio-
lite zone, Switzerland: Journal of the Geological Society, v. 143, p. 607–618, doi: 10 .1144 
/gsjgs .143 .4 .0607.
Bearth, P., 1967, Die Ophiolithe der Zone von Zermatt-Saas Fee: Beiträge zur Geologischen 
Karte der Schweiz, Neue Folge, v. 132, 130 p.
Bearth, P., and Stern, W., 1979, Zum Chemismus der Eklogite und Glaukophanite von Zermatt: 
Schweizerische Mineralogische und Petrographische Mitteilungen, v. 51, p. 349–359.
Beltrando, M., Manatschal, G., Mohn, G., Dal Piaz, G.V., Vitale Brovarone, A., and Masini, 
E., 2014, Recognizing remnants of magma-poor rifted margins in high-pressure oro-
genic belts: The Alpine case study: Earth-Science Reviews, v. 131, p. 88–115, doi: 10 .1016 
/j .earscirev .2014 .01 .001.
Benciolini, L., Lombardo, B., and Martin, S., 1988, Mineral chemistry and Fe/Mg exchange 
geothermometry of ferrogabbro-derived eclogites from the Northwestern Alps: Neues 
Jahrbuch für Mineralogie. Abhandlungen, v. 159, p. 199–222.
Bettelli, G., and Panini, F., 1989, I mélanges dell’Apennino settentrionale tra il T. Tresinaro ed 
il T. Sillaro: Memorie della Societa Geologica Italiana, v. 39, p. 187–214.
Blake, M.C., and Jayko, A.S., 1990, Uplift of very high-pressure rocks in the western Alps: Evi-
dence for structural attenuation along low-angle faults: Mémoire de la Societé Géologique 
de France, v. 156, p. 237–246.
Bucher, K., Fazis, Y., De Capitani, C., and Grapes, R., 2005, Blueschists, eclogites, and decom-
pression assemblages of the Zermatt–Saas ophiolite: High-pressure metamorphism of 
subducted Tethys lithosphere: The American Mineralogist, v. 90, p. 821–835, doi: 10 .2138 
/am .2005 .1718.
Cannat, M., 1993, Emplacement of mantle rocks in the seafloor at mid-ocean ridges: Journal 
of Geophysical Research, v. 98, p. 4163–4172, doi: 10 .1029 /92JB02221.
Cartwright, I., and Barnicoat, A.C., 1999, Stable isotope geochemistry of Alpine ophiolites: 
A window to ocean-floor hydrothermal alteration and constraints on fluid-rock interac-
tion during high-pressure metamorphism: International Journal of Earth Sciences, v. 88, 
p. 219–235, doi: 10 .1007 /s005310050261.
Cloos, M., 1982, Flow mélanges: Numerical modeling and geologic constraints on their origin 
in the Franciscan subduction complex, California: Geological Society of America Bulletin, 
v. 93, p. 330–345, doi: 10 .1130 /0016 -7606 (1982)93 <330: FMNMAG>2 .0 .CO;2.
Cowan, D.S., 1985, Structural styles in Mesozoic and Cenozoic mélanges in the western Cor-
dillera of North America: Geological Society of America Bulletin, v. 96, p. 451–462, doi: 
10 .1130 /0016 -7606 (1985)96 <451: SSIMAC>2 .0 .CO;2.
Dal Piaz, G.V., Venturelli, G., Spadea, P., and Di Battistini, G., 1981, Geochemical features of 
metabasalts and metagabbros from the Piemonte ophiolite nappe, Italian Western Alps: 
Neues Jahrbuch für Mineralogie. Abhandlungen, v. 142, p. 248–269.
Dal Piaz, G.V., Cortiana, G., Del Moro, A., Martin, S., Pennacchioni, G., and Tartarotti, P., 2001, 
Tertiary age and paleostructural inferences of the eclogitic imprint in the Austroalpine 
outliers and Zermatt–Saas ophiolite, western Alps: International Journal of Earth Sciences, 
v. 90, p. 668–684, doi: 10 .1007 /s005310000177.
Dal Piaz, G.V., Bistacchi, A., and Massironi, M., 2003, Geological outline of the Alps: Episodes, 
v. 26, p. 175–180.
Dal Piaz, G.V., Pennacchioni, G., Tartarotti, P., Carraro, F., Gianotti, F., Monopoli, B., and Schiavo, 
A., 2010, Geological map of Italy, sheet 091 “Chatillon”: ISPRA, Italian Geological Survey, 
ISPRA,152 p., scale 1:50,000.
Decandia, F.A., and Elter, P., 1972, La “zona” ofiolitifera del Bracco nel settore compreso fra 
Levanto e la Val Graveglia (Appennino Ligure): Memorie della Societa Geologica Itali-
ana, v. XI, p. 503–530.
Dick, H.J.B., Lin, J., and Schouten, H., 2003, An ultraslow-spreading class of ocean ridge: 
Nature, v. 426, p. 405–412, doi: 10 .1038 /nature02128.
Dilek, Y., Festa, A., Ogawa, Y., and Pini, G.A., 2012, Chaos and geodynamics: Mélanges, 
mélange-forming processes and their significance in the geological record: Tectonophys-
ics, v. 568–569, p. 1–6, doi: 10 .1016 /j .tecto .2012 .08 .002.
Driesner, T., 1993, Aspects of petrographical, structural and stable isotope geochemical evo-
lution of ophicarbonate breccias from ocean floor to subduction and uplift; an example 
from Chatillon, Middle Aosta Valley, Italian Alps: Schweizerische Mineralogische und 
Petrographische Mitteilungen, v. 73, p. 69–84.
Ernst, W.G., and Dal Piaz, G.V., 1978, Mineral parageneses of eclogitic rocks and related mafic 
schists of Piemonte ophiolite nappe, Breuil-St-Jacques Area, Italian Western Alps: The 
American Mineralogist, v. 63, p. 621–640.
Escartin, J., and Canales, J.P., 2011, Detachments in oceanic lithosphere: Deformation, mag-
matism, fluid flow and ecosystems: Eos, Transactions, American Geophysical Union, v. 92, 
p. 31, doi: 10 .1029 /2011EO040003.
Escartin, J., Smith, D.K., Cann, J., Schouten, H., Langmuir, C.H., and Escrig, S., 2008, Central 
role of detachment faults in accretion of slow-spreading oceanic lithosphere: Nature, 
v. 455, p. 790–794, doi: 10 .1038 /nature07333.
Fassmer, K., Obermüller, G., Nagel, T.J., Kirst, F., Froitzheim, N., Sandmann, S., Miladinova, 
I., Fonseca, R.O.C., and Münker, C., 2016, High-pressure metamorphic age and signifi-
cance of eclogite-facies continental fragments associated with oceanic lithosphere in 
the Western Alps (Etirol-Levaz Slice, Valtournenche, Italy): Lithos, v. 252, p. 145–159, doi: 
10 .1016 /j .lithos .2016 .02 .019.
Federico, L., Crispini, L., Scambelluri, M., and Capponi, G., 2007, Ophiolite mélange zone re-
cords exhumation in a fossil subduction channel: Geology, v. 35, p. 499–502, doi: 10.1130 
/G23190A .1.
Festa, A., Pini, G.A., Dilek, Y., and Codegone, G., 2010, Mélanges and mélange-forming pro-
cesses: A historical overview and new concepts: International Geology Review, v. 52, 
p. 1040–1105, doi: 10 .1080 /00206810903557704.
Festa, A., Dilek, Y., Pini, G.A., Codegone, G., and Ogata, K., 2012, Mechanisms and processes 
of stratal disruption and mixing in the development of mélange and broken formations: 
Refining and classifying mélanges: Tectonophysics, v. 568–569, p. 7–24, doi: 10 .1016 /j 
.tecto .2012 .05 .021.
Festa, A., Dilek, Y., Codegone, G., Cavagna, S., and Pini, G.A., 2013, Structural anatomy of the 
Ligurian accretionary wedge (Monferrato, NW Italy), and evolution of superposed mé-
langes: Geological Society of America Bulletin, v. 125, p. 1580–1598, doi: 10 .1130 /B30847 .1.
Festa, A., Balestro, G., Dilek, Y., and Tartarotti, P., 2015a, A Jurassic oceanic core complex in 
the high-pressure Monviso ophiolite (western Alps, NW Italy): Lithosphere, v. 7, p. 646–
652, doi: 10 .1130 /L458 .1.
Festa, A., Ogata, K., Pini, G.A., Dilek, Y., and Codegone, G., 2015b, Late Oligocene–early Miocene 
olistostromes (sedimentary mélanges) as tectono-stratigraphic constraints to the geody-
namic evolution of the exhumed Ligurian accretionary complex (Northern Apennines, NW 
Italy): International Geology Review, v. 57, p. 540–562, doi: 10 .1080 /00206814 .2014 .931260.
Festa, A., Ogata, K., Pini, G.A., Dilek, Y., and Alonso, J.L., 2016, Origin and significance of olis-
tostromes in the evolution of orogenic belts: a global synthesis: Gondwana Research, 
v. 39, p. 180–203, doi: 10 .1016 /j .gr .2016 .08 .002.
Flores, G., 1955, Discussion, in Beneo, E., ed., Les résultats des études pour la recherche 
pétrolifère en Sicilie: Proceedings, Fourth World Petroleum Congress, Rome, Section 1/A/2, 
p. 121–122.
Fontana, E., Panseri, M., and Tartarotti, P., 2008, Oceanic relict textures in the Mount Avic ser-
pentinites, Western Alps: Ofioliti, v. 33, p. 105–118.
Fontana, E., Tartarotti, P., Panseri, M., and Buscemi, S., 2015, Geological map of the Mount 
Avic massif (Western Alps Ophiolites): Journal of Maps, v. 11, p. 126–135, doi: 10 .1080 
/17445647 .2014 .959567.
Frezzotti, M.L., Selverstone, J., Sharp, Z.D., and Compagnoni, R., 2012, Carbonate dissolution 
during subduction revealed by diamond-bearing rocks from the Alps: Nature Geoscience, 
v. 4, p. 702–706, doi: 10 .1038 /ngeo1246.
Gerya, T., Stöckhert, B., and Perchuk, A.L., 2002, Exhumation of high pressure metamorphic 
rocks in a subduction channel—A numerical simulation: Tectonics, v. 21, doi: 10 .1029 
/2002TC001406.
Guillot, S., Schwartz, S., Hattori, K., Auzende, A., and Lardeaux, J., 2004, The Monviso ophiol-
itic Massif (Western Alps), a section through a serpentinite subduction channel: Journal 
of the Virtual Explorer, v. 16, p. 6, doi: 10 .3809 /jvirtex .2004 .00099.
Guillot, S., Hattori, K., Agard, P., Schwartz, S., and Vidal, O., 2009, Exhumation processes in 
oceanic and continental subduction contexts: A review, in Lallemand, S., and Funiciello, 
F., eds., Subduction zone geodynamics: Berlin, Heidelberg, Springer-Verlag, p. 175–205, 
doi: 10 .1007 /978 -3 -540 -87974 -9_10.
Hsü, K.J., 1968, Principles of mélanges and their bearing on the Franciscan-Knoxville para-
dox: Geological Society of America Bulletin, v. 79, p. 1063–1074, doi: 10 .1130 /0016 -7606 
(1968)79 [1063: POMATB]2 .0 .CO;2.
Hsü, K.J., 1974, Melanges and their distinction from olistostromes, in Dott, R.H., and Shaver, 
R.H., eds., Modern and ancient geosynclinal sedimentation: Society of Economic Paleon-
tologists and Mineralogists Special Publication 19, p. 321–333, doi: 10 .2110 /pec .74 .19 .0321.
Karson, J.A., et al., 1987, Along-axis variations in seafloor spreading in the MARK area: Nature, 
v. 328, p. 681–685, doi: 10 .1038 /328681a0.
Karson, J.A., and Lawrence, R.M., 1997, Tectonic setting of serpentinite exposures on the West-
ern median valley wall of the MARK area in the vicinity of Site 920, in Karson, J.A., et al., 
eds., Proceedings of the Ocean Drilling Program, Scientific Results, Volume 153: College 
Station, Texas, Ocean Drilling Program, p. 5–21, doi: 10 .2973 /odp .proc .sr .153 .001 .1997.
Lagabrielle, Y., 2009, Mantle exhumation and lithosphere spreading: An historical perspective 
from investigations in the oceans and in the Alps-Apennines ophiolites: Italian Journal 
of Geosciences, v. 128, p. 279–293, doi: 10 .3301 /IJG .2009 .128 .2 .279.
Lagabrielle, Y., Vitale Brovarone, A., and Ildefonse, B., 2015, Fossil oceanic core complexes 
recognized in the blueschist metaophiolites of Western Alps and Corsica: Earth-Science 
Reviews, v. 141, p. 1–26, doi: 10 .1016 /j .earscirev .2014 .11 .004.
Li, X.P., Rahn, M., and Bucher, K., 2004, Serpentinites of the Zermatt–Saas ophiolite complex 
and their texture evolution: Journal of Metamorphic Geology, v. 22, p. 159–177, doi: 10.1111 
/j .1525 -1314 .2004 .00503 .x.
Martin, S., and Tartarotti, P., 1989, Polyphase HP metamorphism in the ophiolitic glaucoph-
anites of the lower St. Marcel valley (Aosta valley): Ofioliti, v. 14, p. 135–156.
Martin, S., Tartarotti, P., and Dal Piaz, G.V., 1994, The Mesozoic ophiolites of the Alps: A review: 
Bolletino di Geofisica Teoria ed Applicata, v. 36, p. 175–219.
Martin, S., Rebay, G., Kienast, J.-R., and Mével, C., 2008, An eclogitised oceanic palaeo-hy-
drothermal field from the St. Marcel valley (Italian Western Alps): Ofioliti, v. 33, p. 49–63.
Mével, C., Cannat, M., Gente, P., Marion, E., Auzende, J.-M., and Karson, J.A., 1991, Emplace-
ment of deep crustal and mantle rocks on the west median valley wall of the MARL area 
(MAR, 23°N): Tectonophysics, v. 190, p. 31–53, doi: 10 .1016 /0040 -1951 (91)90353 -T.
LITHOSPHERE | Volume 8 | Number 1 | www.gsapubs.org 9
Record of mass transport processes in the Western Alps ophiolite | SHORT RESEARCH
Orange, D.L., 1990, Criteria helpful in recognizing shear-zone and diapiric melanges: Exam-
ples from the Hoh accretionary complex, Olympic Peninsula, Washington: Geological 
Society of America Bulletin, v. 102, p. 935–951, doi: 10 .1130 /0016 -7606 (1990)102 <0935: 
CHIRSZ>2 .3 .CO;2.
Panseri, M., Fontana, E., and Tartarotti, P., 2008, Evolution of rodingitic dykes: Metasomatism 
and metamorphism in the Mount Avic serpentinites (Alpine ophiolites, southern Aosta 
valley): Ofioliti, v. 33, p. 165–185.
Pfeifer, H.R., Colombi, A., and Ganguin, J., 1989, Zermatt–Saas and Antrona Zone: A petro-
graphic and geochemical comparison of polyphase metamorphic ophiolites of the West-
Central Alps: Schweizerische Mineralogische und Petrographische Mitteilungen, v. 69, 
p. 216–236.
Pini, G.A., 1999, Tectonosomes and olistostromes in the argille scagliose of the Northern 
Apennines, Italy: Geological Society of America Special Paper 335, 70 p., doi: 10 .1130 
/0 -8137 -2335 -3 .1.
Platt, J.P., 2015, Origin of Franciscan blueschist-bearing mélange at San Simeon, central 
California coast: International Geology Review, v. 57, p. 843–853, doi: 10 .1080 /00206814 
.2014 .902756.
Raymond, L.A., 1984, Classification of melanges, in Raymond, L.A., ed., Melanges: Their na-
ture, origin, and significance: Geological Society of America Special Paper 198, p. 7–20, 
doi: 10 .1130 /SPE198 -p7.
Raymond, L.A., and Bero, D., 2015, Sandstone-matrix mélanges, architectural subdivision, 
and geologic history of accretionary complexes: A sedimentological and structural per-
spective from the Franciscan Complex of Sonoma and Marin counties, California, USA: 
Geosphere, v. 11, no. 4, p. 1077–1110, doi: 10 .1130 /GES01137 .1.
Reinecke, T., 1991, Very-high-pressure metamorphism and uplift of coesite-bearing metasedi-
ments from the Zermatt–Saas zone, Western Alps: European Journal of Mineralogy, v. 3, 
no. 1, p. 7–18, doi: 10 .1127 /ejm /3 /1 /0007.
Reinecke, T., 1998, Prograde high- to ultrahigh-pressure metamorphism and exhumation of 
oceanic sediments at Lago di Cignana, Zermatt-Saas Zone, western Alps: Lithos, v. 42, 
p. 147–189, doi: 10 .1016 /S0024 -4937 (97)00041 -8.
Sansone, M.T.C., Prosser, G., Rizzo, G., and Tartarotti, P., 2012, Spinel-peridotites of the Frido 
unit ophiolites (Southern Apennine-Italy): Evidence for oceanic evolution: Periodico di 
Mineralogia, v. 81, p. 35–59, doi: 10 .2451 /2012PM0003.
Tartarotti, P., Benciolini, L., and Monopoli, B., 1998, Brecce serpentinitiche nel massiccio ul-
trabasico del Monte Avic (Falda Ofiolitica Piemontese): Possibili evidenze di erosione 
sottomarina: Atti Ticinensi di Scienze della Terra, v. 7, p. 73–86.
Tartarotti, P., Zucali, M., Panseri, M., Lissandrelli, S., Capelli, S., and Ouladdiaf, B., 2011, Mantle 
origin of the Antrona serpentinites (Antrona ophiolite, Pennine Alps) as inferred from 
microstructural, microchemical, and neutron diffraction quantitative texture analysis: 
Ofioliti, v. 6, p. 167–189.
Tricart, P., and Lemoine, M., 1991, The Queyras ophiolite west of Monte Viso (Western Alps): 
Indicator of a peculiar ocean floor in the Mesozoic Tethys: Journal of Geodynamics, v. 13, 
p. 163–181, doi: 10 .1016 /0264 -3707 (91)90037 -F.
Tumiati, S., Martin, S., and Godard, G., 2010, Hydrothermal origin of manganese in the high-
pressure ophiolite metasediments of Praborna ore deposit (Aosta Valley, Western Alps): 
European Journal of Mineralogy, v. 22, p. 577–594, doi: 10 .1127 /0935 -1221 /2010 /0022 -2035.
Ukar, E., and Cloos, M., 2016, Graphite-schist blocks in the Franciscan Mélange, San Simeon, 
California: Evidence of high-P metamorphism: Journal of Metamorphic Geology, v. 34, 
p. 191–208, doi: 10 .1111 /jmg .12174.
Wakabayashi, J., 2015, Anatomy of a subduction complex: Architecture of the Franciscan 
Complex, California, at multiple length and time scales: International Geology Review, 
v. 57, p. 669–746, doi: 10 .1080 /00206814 .2014 .998728.
Widmer, T., Ganguin, J., and Thompson, A.B., 2000, Ocean floor hydrothermal veins in eclogite 
facies rocks of the Zermatt–Saas zone, Switzerland: Schweizerische Mineralogische und 
Petrographische Mitteilungen, v. 80, p. 63–73.
Winterer, E.L., Gee, J.S., and Van Waasbergen, R.J., 1988, The source area for Lower Creta-
ceous clastic sediments of the Galicia Margin: Geology and tectonic and erosional his-
tory, in Boillot, G., et al., Proceedings of the Ocean Drilling Program, Scientific Results, 
Volume 103: College Station, Texas, Ocean Drilling Program, p. 697–732, doi: 10 .2973 
/odp .proc .sr .103 .181 .1988.
MANUSCRIPT RECEIVED 1 AUGUST 2016 
REVISED MANUSCRIPT RECEIVED 30 NOVEMBER 2016 
MANUSCRIPT ACCEPTED 22 DECEMBER 2016
Printed in the USA
